Introduction
Due to anthropogenic activities, many coastal areas present sediments contaminated by trace elements (TE) that can constitute a threat for aquatic ecosystems and human health. However, the link between contaminated sediments and potential adverse effects for aquatic ecosystems is not straightforward mainly due to the various physicochemical properties of sediment that influence the biological availability of TE (Tessier and Campbell, 1987) . The knowledge of their bioavailability and mechanisms that control their transfer from sediment to biota is thus a primary issue in understanding the potential risks that contaminated sediments could constitute.
The bioavailability of TE in sediment is dependent on the geochemical properties of sediment (i.e. pH, redox, grain size, contents of organic matter, clay, Fe, Mn and Al oxy-hydroxides) that control their potential lability, but also on the biological properties of the target organism (i.e. physiology, feeding behavior, biological cycle, ecological functioning, life history) that control exposure routes and eventually regulation mechanisms of TE in tissues. Therefore, characterizing the bioavailability of TE in sediments implies to study the sediments and target benthic organisms both together.
These last decades, numerous works were carried out to assess the bioavailability of TE in sediments, generally by comparing the labile concentrations of TE in sediment with the corresponding bioaccumulated concentrations in benthic organism tissues (e.g., Luoma and Rainbow, 2008 for a review). The most commonly used techniques to assess the labile TE concentrations in sediment are single-step chemical extractions that "select" the labile fractions of TE, assumed to be potentially bioavailable, and "exclude" poorly labile elements (i.e. included in mineral crystalline structure), assumed to be non-bioavailable. Numerous protocols were developed using different reactants, such as acid solutions of 1N or 0.5N HCl or HNO 3 , or ligand solution of EDTA. Obtained amounts are then compared to the total concentrations of TE in total organism or in specific tissues in order to discuss their effective bioavailability. Interestingly, the results reported often differ. For example, several studies reported significant positive correlations between the concentrations of TE in benthic organisms and those found in sediments and authors concluded on the efficiency of such approaches to transcript TE bioavailability in sediments (e.g. Bryan and Hummerston, 1977; Langston, 1980; Luoma and Bryan, 1982; Amiard et al., 2007; Hendozko et al., 2010) . But sometimes normalization steps of TE contents in sediment with respect to the potential bearing phases (i.e., Fe and Mn oxydes, total organic carbon (TOC), acid volatile sulfide (AVS)) were necessary to improve the correlation (e.g. Luoma and Bryan, 1978; Langston, 1980; Langston, 1982; Di Toro et al., 1990; Luoma, 1989) .
Finally, in other cases, no correlation was found (e.g. Virgillio et al., 2003; Frangipane et al., 2005; Villares et al., 2005; Amiard et al., 2007) . Both the absence of correlation and the need of normalization are explained by the lack of selectivity of the method: the reactants used also extract elements that are associated to non-bioavailable geochemical phases, like some crystalline, organic and/or sulfidic phases (Luoma, 1989; Di Toro et al., 1990) . However, it is worth noting that the biological variabilities within the considered biological species (e.g. due to the variation in size, age and the sex of the collected samples of organisms) as well as the presence of regulation mechanisms, can impact the bioaccumulated concentrations of TE in organisms and thus may also explain the absence of positive linear correlation. Those biological features are generally not considered in geochemical approach due to the relatively difficulty to characterize precisely biological systems and to the need of a multidisciplinary approach with biologists. Furthermore, it must be noted that the linear correlations mentioned above were only observed in studies considering a very large range of TE contaminations of sediment, including extremely TE contaminated sediments. This indicates that the influences of those biological features may be neglected when considering highly contaminated sites. As most of coastal environments present lowly to moderately contaminated sediments, techniques to assess TE bioavailability for such coastal environments still need to be improved.
The Berre lagoon (southeast France) is an industrialized Mediterranean lagoon that was strongly polluted by TE and organic contaminants in the past decades and that is currently under rehabilitation (Jacquot et al., 1999; Accornero et al., 2008; Rigaud et al., 2011; Kanzari et al., 2012) . The TE contamination in surface sediment is today low to moderate but the benthic ecosystem is still strongly degraded. Since 1966, this benthic ecosystem has been also deeply degraded by the apparition of anoxic events and large salinity variations associated to freshwater releases from a hydroelectric power plant (Stora and Arnoux, 1983) . The regulations adopted on these freshwater releases from 2005 have significantly reduced the salinity variations and the occurrence of anoxic events, but they did not lead to any clear improvements in the benthic ecosystem. These observations lead us to hypothesize that it could be partly related to the presence of contaminants in the sediments.
In this context, we collected sediment and organisms (the polychaete worm Alitta succinea) in the Berre lagoon in order to assess TE bioavailability in sediment. Typical biogeochemical approach, by comparing potentially bioavailable concentrations of TE in sediment obtained by chemical extractions with bioaccumulated TE concentrations in benthic organisms, was used. Then, we focused on data from chemical analysis of organisms and proposed a treatment to assess and overcome the influence of biological variabilities. To our knowledge, this approach, that corresponds to a common methodology used in geochemical characterization of sediment (e.g., Luoma and Rainbow, 2008) , is applied here for the first time to a biological system and proved to be relevant to assess TE bioavailability in lowly to moderately contaminated coastal sediments.
Material and methods

Sampling
A total of 15 sites were sampled in the Berre lagoon ( Figure 1 ): 4 in September 2008 (RN, VA, VC and VN) and 11 in June 2010 (B1, B2, B3, B5, B7, B8, B9, B10, B11, B12 and B13). Five sites (VA, VC, VN, B10 and B11) are located in the Vaïne basin, the main industrialized part of the lagoon, while the others are located in coastal borders in the Central basin, outside the area subject to anoxia events in the water column ( Figure 1 ). Note that the sites sampled in June 2010 also correspond to the stations selected by the management institute of the Berre lagoon (GIPREB) for benthic macrofauna monitoring.
Surface sediments were collected using a stainless steel sediment sampler (Orange peel grap sampler) in five replicates. Redox potential (Eh) and pH were immediately measured by inserting probe into fresh sediments. The surface layers of sediment (0-3 cm) for the solid phase analysis were scrapped using a plastic blade, pooled and placed in acid cleaned polyethylene containers and transported to the laboratory at 4°C in the dark. Sediment were freeze-dried at laboratory and sieved to < 63µm using nylon sieve. This fraction was chosen because it corresponds to that preferentially ingested by polychaetes (Dauer and Pardo, 2003) and because of its importance in the adsorption of the TE.
The remaining sediment was sieved at 1 mm on field in order to recover Alitta succinea (Leuckart, 1847) (also previously called Neanthes succinea Frey and Leuckart, 1847 or Nereis succinea Leuckart, 1847 for examples) (Villalobos-Guerrero and Carrera-Parra, 2015) . This polychaete worm was selected because it constitutes a major component of benthic biomass in the Berre lagoon and it is present throughout the year across the lagoon, except in anoxic areas. Besides the advantage of its abundance, the choice of this benthic organism is very appropriate since: (i) this deposit feeder lives in sediments and obtains its nutritional needs by sediment ingestion (Pardo and Dauer, 2003) and, thus TE remobilized during digestion constitute the main route of exposure (Wang and Fischer, 1999); (ii) polychaetes are a key species in estuarine and coastal benthic ecosystems, playing an important role in the structure and functioning of the benthic ecosystem (Hutchings, 1998) ; (iii) they constitute preys for many crustaceans, fish and waders (Scaps, 2002) and are therefore an important route of entry of trace elements in the food web (Rainbow et al., 2004; Rainbow et al. 2006; Coelho et al., 2008) ; (iv) it belongs to the class of Polychaeta often selected for studies on trace element bioaccumulation (e.g., Dean, 2008) and for which data are available in the literature. For each site, between 15 and 60 polychaetes (length 4.6 ± 2.0 cm) were collected, placed in polyethylene containers with clean synthetic seawater and transported to the laboratory at 4°C. They were let in synthetic water (changed every day) during 3 days to allow the elimination of their gut contents. The purge efficiency was checked by visualization through the transparent body of the organisms and when it was not complete, the remaining sediment was extruded mechanically by slightly pressing the body with a stem acidwashed glass. Organisms were then washed with deionized water, freeze-dried, crushed and stored at 4°C until analysis.
Analysis
Total Solid Phase Characterization
An aliquot of freeze-dried sediment was totally digested in Teflon bomb in a microwave oven with ultrapure HF, HCl and HNO 3 mixture. After digestion, the acids were evaporated to near-dryness and the residues were recovered in HNO 3 2.5% and analyzed for Ca, Mg, S, P, Al, Fe and Mn by ICP-AES (Ultima-C, Jobin Yvon, Horiba) and for As, Cd, Co, Cr, Cu, Ni, Pb and Zn by ICP-MS (Thermo Scientific X Series II, Plateforme AETE-ISO -HydroSciences/OSU OREME, Montpellier -France).
Elemental analyses were carried out using calibration solutions prepared with the same matrix as the samples (HNO 3 2.5%). Blank were always below 5% of contents in samples. Average analytical accuracies, estimated for total sediment digestion of reference sediments SGR-1, MAG-1 (USGS) and STSD-3 (CCRMP) and MAG-1 (USGS), were always below 5 % for Ca, Mg, S, P, Al, Fe, Mn, As, Cu, Ni, Pb and Zn and around 10 % for Co, Cd and Cr. Total Hg contents were obtained on dry sediment with a cold vapor atomic absorption spectrophotometer (AMA 254, Altec) according to the protocol described by Abi-Ghanem et al. (2011) . Analytical accuracies were obtained using the reference sediment MESS-2 (NRCC) and were better than 3%. Total organic carbon (TOC) and total inorganic carbon (TIC) contents were measured on a Leco 125 CS analyzer using the protocol described by Etcheber et al. (1999) . Sediment grain size was measured using laser granulometer LS13320 (Beckman coulter), after elimination of organic matter in an oven at 450°C for 4h, and sample dispersion with defloculant (NaPO 3 ) 6 3‰. Sediment water content was determined from differences between fresh and freeze-dried sediment weight and porosity was assessed after correction for salt contents assuming a sediment density of 2.65. All measurements were done in duplicate and were corrected for salt contents.
Chemical extractions procedures
The potentially bioavailable fractions of TE in sediments were assessed by chemical extractions using two reactants: EDTA (all samples) and ascorbate (samples from June 2010 only). EDTA is an organic chelating agent supposed to extract elements adsorbed on mineral surface, included in carbonate phase and in the most reactive fractions of Fe and Mn oxy-hydroxides and organic matter (e.g., Agemian and Chau, 1976; Batley, 1987; Weimin et al., 1992; Tack and Verloo, 1996; Di Palma and Mecozzi, 2007) .
It was chosen because it is expected to be more selective than acid extraction, as shown for Zn, Cd, Pb and Cu in coastal sediments (McCready et al., 2003) . Ascorbate reactant is a reductant commonly used to extract the most reactive forms of Fe and Mn oxy-hydroxides by reductive dissolution (Kostka and Luther, 1994; Anschutz et al., 1998) and trace metals or metalloids associated with these phases (e.g., Chaillou et al., 2003) . It excludes elements associated to oxidizable phases such as organic matter and sulfides, expected to be non-bioavailable (Di toro et al., 1990, Luoma and Rainbow, 2008) and is therefore, expected to be also more selective than acid extraction. In addition, comparison of both extractants will allow us to gain information on TE speciation (i.e. main carrier phases) in sediment.
Typically 500 mg of freeze-dried sediment were dispersed into 30 ml of EDTA (0.1 M adjusted to pH 8 using NaOH) during 4 hours or into 30 ml of ascorbate reactant (50 g.L -1 NaHCO 3 , 50 g.L -1 sodium citrate and 20 g.L -1 ascorbic acid, Kostka and Luther, 1994) during 24 hours. Reactants were recovered after 30 min decantation, filtered through 0.2 µm cellulose acetate filter, 30 fold diluted in HNO 3 2.5% and stored at 4°C. Solutions were analyzed for major (Ca, Mg, Al, Fe, Mn, P, S) and TE (As, Cd, Co, Cr, Cu, Ni, Pb, Zn) by ICP-AES or ICP-MS following the same protocol described for total sediment and using calibration solutions prepared with the same matrix as the samples (EDTA or ascorbate). All extractions were carried out in duplicate and blank (n=4) were done using the same protocol without sediment. Concentrations of major and TE in blank for ascorbate and EDTA extractant were lower than 5% of their concentrations in the samples for most of TE. However, contamination of EDTA extractants was found for Cr, Zn and As (up to 20 % of elements contents in samples) and for Al and Ni (up to 50 % of elements contents in samples). Because blank values were quite reproducible (Cr: 0.21 0.01 ng.g -1 ; Ni: 1.67 0.04 ng.g -1 ; Zn: 3.75 0.18 ng.g -1 ; As: 0.19 0.04 ng.g -1 and Al: 8.6 3.3 ng.g -1 ), they were subtracted to sample contents. Contents of Cu and Cd in ascorbate extracts were very low and close to the values of blank (0.36 ± 0.02 ng.g -1 and < 0.01 ng.g -1 , respectively) indicating that they were not extracted by ascorbate. Concentrations of S, Mg and Ca extracted by EDTA and ascorbate were corrected from contribution from porewaters taking into account their concentrations in porewaters (obtained from salinity and Dittmar's principle) and the porewater contents of sediments.
Analysis of Alitta succinea
About 350 mg d.w. of organisms were digested in hot (100°C) ultrapure concentrated HNO 3 during 48h. Solutions were evaporated to near-dryness, recovered in 10 ml HNO 3 (2.5 %) and stored at 4°C until analysis. Major (Ca, Mg, S, P, Al, Fe, Mn) and trace (As, Cd, Co, Cr, Cu, Ni, Pb, Zn) elements were analyzed using the same protocol described for sediments. Total mercury content was determined on crushed worms using cold vapor atomic absorption spectrophotometer (AMA 254, Altec).
Chemical mapping of paraffin-embedded non-purged organisms was performed by micro X-ray fluorescence spectroscopy (µXRF). Measurements were carried out on a microscope (XGT 5000 , Horiba Jobin Yvon) equipped with an X-ray source (Rh X-ray tube, accelerating voltage of 30 kV, current 1 mA) producing a focused beam (100 µm spot size) on the sample. X-ray emission from the irradiated sample was detected via an energy-dispersive X-ray spectrometer (EDX) equipped with a liquid nitrogen-cooled high-purity Si detector. An additional detector positioned below the sample collected the transmitted X-rays. Elements with atomic number (Z) higher than 12 (Mg) can be detected with detection limit depending on the nature of the probed matrix and ranging from few % mass for light elements to 100 µg/g for heavier elements. Elemental maps were recorded by scanning the selected regions of interest (256x256 pixels, pixel size of 24 µm), i.e. head and body of Alitta succinea with a total counting time of 8x1000 and 20x1000s respectively. Note that as the incident X-ray beam penetrates through the sample, the obtained element maps are 2D projections of the 3D analyzed sample.
Results
Sediment Characteristics
The main physical and geochemical characteristics of sediments are reported in Table 1 . The sediments are mainly carbonated (38-57% CaCO 3 ) and fine grained (41-94% of f <63 µm). TOC contents vary between 1.8 and 4.0% with maximum values generally found in the Vaïne Basin.
Sediments are reduced (-116 to -214 mV) with neutral pH values (7.1-7.8).
The Vaïne Basin presents the highest sediment contamination by Cd, Cr, Cu, Hg, Pb and Zn, reaching up to 10 times the natural geochemical background (NGB, obtained from deep sediment core samples, Giorgetti, 1981; Arnoux, 1987; Georgeaud, 1993; RNO, 1998) for Cd and Pb and between 3 and 4 for Cu, Hg and Zn (Table 1 and examples of Cd, Hg and Pb in Figure 2 ). The concentrations of these TE in the Central basin are significantly lower and close to, or slightly higher than, the NGB values (< 3 times). Note however, two particularities in this distribution: (i) site B8 in the North of the Central basin shows the highest Hg concentrations measured in the lagoon (5.2 times the NGB; Figure 2 ); (ii) site VA in the south of the Vaïne basin shows concentrations similar to those of Central Basin for most TE. In contrast, there are no significant differences between both basins for As, Co and Ni, and their concentrations are close to the pre-industrial concentrations (≤ 2 times the NGB for As and Ni, Table 1 ).
Based on the TE enrichment factor (EF, i.e. ratio between TE that are contained in sediment and in the NGB) and according to the criteria proposed by Sutherland and Tolosa (2000), the sediment contamination in the Berre lagoon ranges from absent/low (EF< 2) to moderate (2< EF <5), although punctually significant contamination (5< EF <20) can be encountered (i.e. Cd and Pb in sites B10 and B11, Table 1, Figure 2 ).
Potentially bioavailable fractions and speciation of trace elements in sediments
The TE concentrations extracted widely vary depending the extractant used and the sampling sites. In terms of lability, and thus potentially bioavailability, the highest extracted TE concentrations in the sediments were generally observed for Cr and Zn (EDTA and ascorbate) and Cd and Pb (EDTA) in the Vaïne Basin (see examples for Cr, Pb and Zn in Figure 3 , all data are reported in appendix A1).
For As, Co, Ni and Cu, no significant differences were observed between both basins.
The corresponding mean proportions of major and trace elements that are extracted in sediments by both extractants and the associated correlation coefficient (r 2 ) between extracted contents by EDTA and ascorbate are reported in Table 2 . In spite of geochemical differences between sediment characteristics, the proportion of extracted elements in sediment is relatively constant between sites for each extractant and this can be used to obtain information on speciation of trace elements in sediments of the Berre lagoon.
Whatever the extractant used, the labile fractions of Ni, Cr, As, Co and Zn are always <30% of total concentrations in sediments. Moreover, good correlations (0.62<r 2 <0.98) are observed between EDTA and ascorbate extractions for Ni, Cr, As, Co and Zn, meaning that these elements were probably extracted from the same labile pool by both extractants (Table 2) . Their carrier phases may be Fe oxyhydroxydes and/or the sulfide phase since the extracted contents of Fe and S are also significantly correlated between both extractants (r 2 = 0.74 and 0.90, respectively) and are also in agreement with the early diagenesis of these elements in the Berre lagoon sediments (Rigaud et al., 2013) .
On the other hand, no significant correlations were observed for Pb, Cu and Cd (r 2 <0.18, Table 2) indicating that extractants target different labile pools for these TE. Actually, Pb, Cu and Cd are significantly extracted by EDTA (66 ± 12%, 38 ± 10% and 32 ± 13%, respectively) but not, or very lowly, by ascorbate (3 ± 2% for Pb and under the quantification limit for Cu and Cd; Table 2 ). Since EDTA totally extracts the carbonate phases (106±7% of Ca, Table 2 ) and also target the organic matter (Di Palma and Mecozzi, 2007) , while it is not the case for ascorbate, we assumed that these elements were primarily associated to the carbonate phase or the organic matter. Previous results on TE lability, obtained from the same four samples of sediment collected in September 2008, demonstrated that Pb and Cd were strongly extracted by synthetic seawater adjusted to pH 4 (74 ± 2% and 57 ± 11%, respectively) while Cu was not (3 ± 1%) (Rigaud et al., 2012) . This denotes a likely association of Pb and Cd onto the carbonate phases (85 ± 7% of total Ca dissolved at pH 4) and an association of Cu with the organic matter, not extracted by acid reactant.
Trace element contents in Alitta succinea
The concentrations of trace and major elements in the tissues of Alitta succinea are strongly variables ( Figure 4 ). For major elements, the relative standard deviation (RSD = standard deviation/average) range from 14% (P) to 70% (Al). For Cd, Cr, Cu, Hg and Pb, the RSD range between 55 and 100%.
Largest RSD values are observed when the concentrations in the tissues of organisms collected in few sites presented concentrations at least two times higher than in other sites ( Figure 4 ): sites VA, VC and B11 for Cd; site VC for Cr and Cu; sites VC and B8 for Hg; sites VA and VC for Pb. Excepted the site B8 in the case of Hg, all these sites are located in the Vaïne basin. In contrast, the RSD for As, Co, Ni and Zn are lower and range between 28 and 40%. Theirs variabilities are however independent on the site locations since no significant differences can be observed between the sediments from the Vaïne basin and the Central basin ( Figure 4 ). TE concentrations in the tissues of Alitta succinea are not available in the literature. We therefore have compared the concentrations measured in this work with those reported for a very similar and widely studied polychaete, Hediste diversicolor (O.F. Müller, 1776) (Bryan and Hummerston, 1973; Bryan and Hummerston, 1977; Bryan et al., 1980; Langston et al., 1980; Luoma and Bryan, 1982; Bryan and Langston, 1992; Saiz-Salinas et al., 1996; Baeyens et al., 1997; Diez et al., 2000; Berthet et al., 2003; Virgilio et al., 2003; Frangipane et al., 2005; Villares et al., 2005; Amiard et al., 2007; Idardare et al., 2008; Coelho et al., 2008; Solé et al., 2009) . The concentration ranges measured in the Berre lagoon for most of the TE are close to the lower concentrations reported in the literature (Figure 4 ). The highest contents of Cd (VA, VC, B11), Cr (VC), Pb (VA and VC) and Hg (VC and B8) correspond to the values typically encountered in moderately to heavily contaminated coastal sites (Diez et al., 2000; Virgilio et al., 2002 , Amiard et al., 2007 Idardare et al., 2008; Coelho et al., 2008) . In contrast, Zn and Co behave differently since their concentrations are distributed throughout the range reported in the literature, from slightly to extremely contaminated sites (Bryan and Hummerston, 1973; Bryan et al. 1980; Diez et al., 2000; Amiard et al. 2007; Idardare et al., 2008) .
Although less sensible than ICP-MS, the µXRF technique provides spatially-resolved data, i.e. distribution and co-localization of elements in the various parts of the organism (integument, parapodia, jaws). The elements detected by µXRF in the Alitta tissues (head and body) are Mg, Al, Si, Ca, K, S, P, Fe, Zn and Br ( Figure 5 ). P, S and Ca are mainly spread in parapodia and integument, in agreement with their role as essential constituents of biological matrix. K, Si and Fe are also detected in parapodia but at lower content. In the head, the jaws exhibit high content of Br and Zn, as well as Ca and Fe. Fe and Ca are also co-localized and strongly concentrated in the food bolus. Note that these organisms were not purged and the sediment inside the digestive tract can be visualized. The sediment is mainly rich in Fe and S, and small amount of Zn, Ti, Sr, Mn are also detected. Others TE are below the µXRF detection levels and so not detected.
DISCUSSION
Assessment of sediment trace element bioavailability using traditional geochemical approach
The representativeness of the labile concentrations of TE in sediments obtained by chemical extraction techniques, with respect to the bioavailable fraction for organisms, is generally assessed by comparing extracted concentrations with those bioaccumulated. A direct correlation between the labile pool concentrations of TE in sediments and the bioaccumulated ones relies on two assumptions: (1) the technique of extraction is directly representative or proportional to the concentration of bioavailable TE in sediments, and (2) the organisms bioaccumulate the TE proportionally to their bioavailable concentrations in sediment (no regulation, physiological variabilities or temporal variations).
Three cases are generally found in literature when the labile concentrations in sediments estimated by chemical extraction techniques and the concentrations accumulated by benthic organisms are compared. First, direct linear correlations are observed indicating that the two assumptions cited above are satisfied (Bryan and Hummerston, 1977; Luoma and Bryan, 1982; Bryan and Langston, 1992; Amiard et al., 2007) . Second, linear correlations are observed when the extracted TE concentrations are normalized with respect to a potential carrier phase in sediment, such as Fe oxydes for As (Langston, 1980) or Pb (Luoma and Bryan, 1978) , organic matter for Hg (Langston, 1982) , AVS for Cd (Di Toro et al., 1990) . In such case, the need for standardization reflects the low representativeness of the extractant for the bioavailable fraction (assumption 1 not satisfied) but the influence of biological factors for bioaccumulation of trace elements is negligible (assumption 2 satisfied). Third, there is no correlation (Villares et al. 2005; Frangipane et al., 2005 , Amiard et al., 2007 . In such cases, the factor responsible could be the low selectivity of the extractant and/or the role played by the organism in the assimilation of TE (hypotheses 1 and/or 2 not satisfied).
In this work, two interesting patterns can be highlighted from the comparison between the TE contents in Alitta succinea and in sediments. First, the highest Hg bioaccumulation in organisms is observed at the site presenting the highest total Hg concentration measured in sediments (Site B8, Figures 2 and   4 ). Second, the sites presenting the highest Cd, Cr, Cu and Pb concentrations in Alitta succinea are all located in the Vaïne basin, which is also the area with the highest potentially bioavailable concentrations of these elements extracted by EDTA or ascorbate. This indicates that, in those sites, these TE are probably partly bioavailable. However, no direct linear correlation can be observed between the extracted TE concentrations in sediments and those accumulated in organisms when the whole study area is taken into account ( Figure A1 in appendix) . This is also the case when normalization procedure was carried out with the concentration of potentially bearing phases in the sediment such as Fe, TOC, S or Mn. These observations clearly position our results in the third case stated above: either the extraction technique used do not reflect the bioavailable fraction in sediment, and/or there are biological factors influencing the bioaccumulation. Two important differences exist between our work and those showing linear correlations. First, the scales of total and/or labile concentrations of TE in the sediments of these studies were very large, including poorly to extremely contaminated sites with a maximum/minimum ratio for labile trace element concentrations generally >100 (i.e., up to 350 for As and Cu, Bryan and Langston, 1992) .
This ratio stays below 10 in our case. Second, the concentration ranges of TE in the studied polychaetes from the Berre lagoon correspond to concentrations several orders of magnitude lower than the maximum values reported in the cited above studies, except for Co and Zn (these specific cases will be discussed later). This tends to indicate that linear correlations between the concentrations of TE in sediments and organisms are only observed when very large ranges of sediment contaminations are studied, including highly-extremely contaminated sites. In such cases, the bioaccumulation is mainly controlled by the level of contamination, i.e. bioaccumulated concentrations are high because the labile concentrations are high. Factors influencing the geochemical speciation in sediments (e.g., nature of the carrier phase) play a secondary role (or can be taken into account by normalization methods) and biological factors are negligible. For sites with lower labile concentrations of TE in sediments, as in the Berre lagoon, the relationship between TE sediment and organisms concentrations is more complex and would also requires taking into account the biological factors controlling the bioaccumulation of TE in organisms. This cannot be considered when focusing only on the potential bioavailability of TE in sediments by chemical extractions and thus constitutes an important limit of this traditional method.
Assessment of bioavailability of trace elements in sediment considering biological properties
2.1. Evidence for biological variabilities
In the dataset collected during this study, two observations attest of biological variabilities between the organism samples. First, we observed large variations of the major element concentrations (Fe, Ca, P, S, Al, Mg) in the organism tissues (Figure 4) , while, for organisms of the same species therefore presenting similar biological characteristics, such concentrations are not expected to vary. Second, the bioaccumulated concentrations of As, Co and Ni also present significant variations between sites despite the relative homogeneous distribution of their potentially bioavailable contents in sediments.
Such physiological variabilities may be linked to variations of the size, age, seasonality and/or sex of the organisms. Although the precise identification of such biological factors are clearly beyond the objective of this study, the following sections will present a method to overcome these biological variabilities in order to assess bioavailability of TE in sediment.
Assessment of the influence of biological variabilities on bioaccumulated trace element concentrations
The influence of the physiological variabilities on the element concentrations in organism tissues may be evaluated from the correlation matrix for the element concentrations in the organisms (Table 3, some correlations are also presented in Figure 6 ) and tentatively interpreted from the distribution of some elements observed by µXRF ( Figure 5 ).
Concerning major elements, we observed significant correlations between Fe, Al, Mn and Ca (0.71< r 2 <0.76) and between P, Mg and S (0.60< r 2 <0.85; Table 3 ). We can thus conclude that Al and Mn are mainly located with Fe and Ca in the food bolus, the integument and in a part of jaws as it can be seen for Fe and Ca distribution from µXRF analysis, and that Mg is mainly spread in parapodia and integuments as it is the case for P and S ( Figure 5 ). These major elements are necessary for the metabolism of living species and their variations of concentrations may be associated to the variation of the development state of the tissue/organ in the organisms. To our knowledge no studies report major element, such as Ca, Mg, P or S concentrations in polychaete tissues and very few studies report Fe and Al concentrations in addition to trace metals. When reported, it has been shown that the bioaccumulation of some major and trace elements can be dependent of biotic factors (development stage, age, sex...) and also regulated by biological mechanisms, such as metalloproteins for Cd, Zn and Fe (Nejmeddine et al., 1988) . For example, in Hediste diversicolor (O.F. Müller, 1776), a species belonging to the same sub-family as A. succinea (Nereidinae), the bioaccumulation of many elements (i.e. Al. Cd, Cr, Cu, Hg. Fe, Mn, Ni, Pb, Ti. V and Zn) can vary considerably, according to abiotic factors (collection site, period of the year, temperature, salinity, cations studied) and to the age of the animals (Howard and Brown, 1983; Septier et al., 1991; Ozoh, 1994) . Considering that the variability of major elements is a good indicator of the physiological variabilities in organism, looking at the correlation between trace and major elements in the Alitta tissues may give information about the influence of such biological variabilities on TE bioaccumulation. Two different patterns are observed.
The first one is a significant positive correlation. This is the case for As with S (r 2 =0.91, Figure 6 ) and in a lower extend with P and Mg (0.72< r 2 <0.79; Table 3 ). Such correlation suggests that As is mainly accumulated in association with S-P-Mg in the parapodia and integuments. We must therefore assume that the variations of As concentrations in organism tissues can be only explained by the biological variabilities of organisms and consequently, that As is not strongly accumulated by Alitta succinea in the Berre lagoon, in agreement with its low labile concentrations in sediment. Although not as clear as for As, similar conclusion may be brought for Ni that also presents significant correlation (0.60 < r 2 < 0.71) with S, Ca and Fe ( Table 3 , the scatter plot for Ni with S is reported as example in Figure 6 ).
For the other TE, no high significant correlation can be detected ( Table 3 ; the specific case of Co and Zn will be discussed next). However, the scatter plots between trace and major element concentrations in organism tissues also reveal that significant linear correlations exist if the sites presenting the highest trace/major element ratios in organisms are excluded ( Figure 6 ). Here we excluded from the regression the organism samples from the station presenting the highest trace/major element ratios as many as the regression coefficient significantly increased. After such treatment, strong correlation was observed between Cd and S (r 2 = 0.83, excluding sites VA, VC, B11, B12, B8), as well as for Cr (r 2 =0.90, excluded sites RN, VA, VC, VN, and B10) and Pb (r 2 = 0.82, excluding all sites from the Vaïne basin) with Ca ( Figure 6 ). This indicates that for the sites included in the regression, the variation of the concentrations of Cd, Cr and Pb in the organism tissues are mainly controlled by biological variabilities of the tissues where these elements are located (i.e., the integument and parapodia for Cd, and the integument and a part of the jaws and the food bolus for Cr and Pb). For excluded sites, these trace elements are present in excess relative to the distribution of their carrier tissues, which suggests a strong bioaccumulation and therefore the presence of an important pool of bioavailable trace elements in these sites. In the case of Hg and Cu, no significant correlation was found with any major elements suggesting that their bioaccumulation is likely more complex.
The highest significant correlation (r 2 = 0.93) is observed between Co and Zn (Table 3, Figure 6 ). It denotes a similar distribution of both elements in organism tissues, most probably in the tips of jaws as observed for Zn by µXRF (Co was not detected by µXRF, Figure 5 ). Accumulation of Zn as well as Fe, Ca or Br in the jaws has been already reported in the literature for the genus Nereis. These elements are involved in the sclerotization of the jaws (Elfman et al., 1999; Lichtenegger et al., 2003; Broomell et al., 2006; Broomell et al., 2008) . In Nereis sp., Zn concentrations in the jaws could reach up to 10% in mass (Bryan and Gibbs, 1979; Lichtenegger et al., 2003; Elfman et al., 1999; Broomell et al., 2008; Rubin et al., 2010) and may constitute over 40% of total Zn mass of the organism (Bryan and Gibbs, 1979) . Since the Zn and Co concentrations present strong variations among samples that cannot be attributed to changes in their labile concentrations in sediments, and given the high accumulation of Zn observed in the jaws, we propose that the variations in their concentrations are mainly associated with different states of sclerotization or with the size of the jaws in organisms from different sites. These two elements are thus regulated by assimilation and excretion processes in Alitta succinea. This could explain why the concentrations of these two elements in the organisms from the Berre lagoon are in the range of variations reported in the literature, from very lowly to extremely contaminated sites (Figure 4) . Many studies have also reported the capacity of several polychaetes to regulate Zn (e.g., Bryan and Hummerston, 1973; Berthet et al., 2003 , Amiard et al., 2007 . Although such regulation has not been reported to date for Alitta succinea, our results suggest that regulation of Zn and Co is highly probable in this organism. Consequently, Alitta succinea cannot be used as bioindicator to assess the bioavailability of Co and Zn in sediment.
Overcome of the biological variabilities by normalization procedure
A method commonly used to suppress the influence of a variable in the distribution of another dependent variable is the normalization procedure. Such method is commonly used in sediment survey (e.g. Luoma and Rainbow, 2008) . Here, we propose to transcript this method for its application on the TE concentrations in biological matrix in order to overcome the influence of the biological variabilities. For such approach, we have selected three TE that were found locally highly bioaccumulated in Alitta tissues: Cd, Cr and Pb. Comparison of their concentrations, normalized with respect to the representative elements of the tissues in which they could be accumulated in organisms (Cd/S, Cr/Ca and Pb/Ca) with the labile concentrations obtained by EDTA and ascorbate extractants, shows that the fraction extracted by EDTA fits well the Cd and Pb bioavailability in sediment ( Figure   7 ). However, none of these extractants reflects the bioavailability of Cr (results not shown).
Implication of sediment contamination on benthic ecosystem degradation
The density and specific diversity of benthic macrofauna in sites sampled in June 2010 show that the lowest densities (<1200 ind.m -2 ) and specific diversity (≤ 7 species) are observed in sites B11, B10, B3 and B8 (GIPREB data, Figure 8) . Sites B10 and B11 present the highest labile (EDTA and ascorbate) concentrations in sediment for most of the TE and the site B8 has the highest total Hg concentrations in sediments that were previously identified as bioavailable. Thus, the degraded state of benthic macrofauna in these sites is in good correspondence with the results obtained on the TE bioavailability in sediments and could be thus related to sediment contaminations. However, the role of organic contaminants in these sites should not be excluded.
The degradation observed in the site B3 is particular as it cannot be associated to contamination (low levels in TE and organic contaminants, Di Giorgio et al., 2011) but likely related to the proximity of the hydroelectric channel that release important amount of freshwater and suspended matter. Despite significant decrease of these freshwater amounts in recent years, it still has a very important local effect. Such local influence of physicochemical conditions on the degradation of the benthic macrofauna is also particularly visible at site B12, located at the mouth of the Caronte channel where the physicochemical variations are the lowest, and which has the highest specific diversity (Figure 8) .
Thus, although the presence of contaminants into the Vaïne basin or in the Gulf of Saint-Chamas could contribute to the degradation of benthic communities, in the rest of the Central basin, physicochemical factors appear to be the most important.
CONCLUSION
In this work, we show that, in a coastal area presenting lowly to moderately contaminated sediments, as in the Berre lagoon, the use of a bioindicator such as the polychaete worm Alitta succinea to assess the bioavailability of TE in sediment imply to consider the biological factors. Biological factors may induce the variation of concentration in TE in organism tissues over space and time, limiting the interpretation of sediment labile vs bioaccumulated TE relationships. From the correlation between major and trace element concentrations in organisms and the location of some of them in tissues by µXRF, we were able to show that these factors could be related to physiological mechanisms such as sclerotization of the jaws. As such mechanism evolves with the development (age, sex and size of the worm), our results pointed out the need of a better assessment of biological mechanisms that control bioaccumulation for a better knowledge of major and trace element bioavailability in low to moderate contaminated sediments.
Through a normalization step of TE concentrations with respect to the concentration of a major element that can be representative of the main bearing tissues within the organisms, we were able to advance some hypotheses concerning the bioavailability of TE for benthic organisms in the Berre lagoon sediments. First, As, Cu and Ni do not seem to be highly bioaccumulated by Alitta succinea in relation to their low bioavailability in sediment. However, for Cd, Cr, Hg and Pb, which showed higher bioavailability in sediment, uptake and bioaccumulation in organisms are important in some locations, the Vaïne basin (Cd, Cr and Pb) or in the Gulf of Saint-Chamas (Hg), and could play a role in the degradation of the benthic ecosystem and cause a potential risk of contamination for the aquatic ecosystem of the lagoon. Also, we have shown that Zn and Co are mainly regulated by Alitta succinea for the sclerotization of the jaws and therefore, this organism cannot be used to assess their bioavailability in sediment. Table 1 : pH, Eh (normalized to normal hydrogen electrode), percentage of particles <63 µm, TOC, TIC (expressed as %CaCO 3 ) and total concentrations of major and trace elements in the fraction <63 µm of sediment (±1 standard deviation for two replicates). When available, the natural geochemical background (NGB, mean ± 1 standard deviation) determined in the area from the deepest part of long sediment cores (Giorgetti, 1981; Arnoux, 1987; Georgeaud, 1993; RNO, 1998 Table 1 : pH, Eh (normalized to normal hydrogen electrode), percentage of particles <63 µm, TOC, TIC (expressed as %CaCO 3 ) and total concentrations of major and trace elements in the fraction <63 µm of sediment (±1 standard deviation for two replicates). When available, the natural geochemical background (NGB, mean ± 1 standard deviation) determined in the area from the deepest part of long sediment cores (Giorgetti, 1981; Arnoux, 1987; Georgeaud, 1993; RNO, 1998 Tables, Figure, Appendix (tracked changes) Table 2 : Mean percentage (± standard deviation) of major and trace elements in sediment extracts using EDTA and ascorbate, ranked in descending order for EDTA. The Pearson correlation coefficient (r 2 ) between the elements extracted by EDTA and ascorbate is also reported. Values in bold correspond to significant correlations at the 0.05 level. 
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